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Abstract
Femoral head necrosis (FHN) is a difficult disease to treat. FHN results from an obstruction
in the blood supply to the femoral head, which causes death of the bone-forming cells.
For effective treatment of FHN, an osteogenic cell supply, revascularization, and provision
of initial strength to resist collapse are needed. Evidence of favorable outcomes of cell
transplantation therapy for the treatment of FHN is emerging. However, outcomes of
treatment are influenced by the underlying FHN etiology and clinical stage. Therefore,
understanding the epidemiology, clinical stage, and disease status of FHN is essential to
inform treatment planning based on evidence. The aim of the chapter is to present and
critically discuss the role of cell replacement therapy for the treatment of FHN based on
clinical status.
Keywords: Femoral head necrosis, cell-based therapy, radiogenic stage, bone marrow,
mesenchymal stromal cell
1. Epidemiology of osteonecrosis of the femoral head
Femoral head necrosis (FHN) is a painful disorder of the hip joint [1, 2]. Without treatment, more
than 70% of clinically diagnosed cases of FHN proceed to collapse of the femoral head, requiring
prosthetic joint replacement within 3–4 years after diagnosis [3, 4]. FHN typically occurs in
adults, 30–40 years old, and is more prevalent in males than females, with evidence of bilater‐
al involvement identified in 75% of cases [2]. The exact pathomechanism of FHN is not well
understood. However, obstruction of blood supply caused by steroid use, alcoholism, sickle
cell anemia, and femoral neck fracture are predisposing factors due to loss of osteogenic cells
in the greater trochanteric region [1, 2].
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In the natural history of FHN, 59% of cases progress to symptomatic disease and collapse of
the femoral head [5]. The prognosis is different depending on the etiology. FHN resulting from
sickle cell disease has the highest risk for progressing to collapse (73%), while 47% of cases due
to excessive alcohol consumption are at risk of collapse and 46% of cases resulting from renal
failure. The risk for collapse associated with corticosteroid use (26%) and for idiopathic FHN
(38%) is comparable to the overall prevalence of collapse (38%). Cases of FHN associated with
human immunodeficiency virus infection (15%) or systemic lupus erythematosus (7%) have a
relatively lower risk for collapse, compared to the overall prevalence [5]. Therefore, under‐
standing the etiologic factor of FHN is important for treatment planning.
Nonoperative treatment of FHN has been shown to have limited success in preventing disease
progression [2]. Consequently, the use of joint preserving procedures has decreased in the
United States, from being the treatment of choice in 25% of cases of FHN in 1992 compared to
12% of cases in 2008. Over the same period, total hip replacement for the management of FHN
has increased from 75% in 1992 to 88% in 2008 [6].
2. Clinical stage assessed by radiographic image and prognosis
The clinical stages of FHN progression are classified based on radiographic examination, with
magnetic resonance imaging (MRI) and bone scintigraphy used in the early stages. Although
different radiographic classifications of clinical stage have been proposed, the underlying
concept and indices of change are comparable between each classification [7–9]. The stage and
classification, evaluated from plane, anterior–posterior, radiography images, are useful to
understand the prognosis of FHN and to plan for treatment (Table 1). The classification of the
Association Research Circulation Osseous (ARCO) Committee is the most widely used clinical
grading classification for osteonecrosis of the femoral head (ONHF). The stages of FHN are
defined as follows. Stage 1 is the identification of an osteonecrosis lesion by MRI and bone
scintigraphy, with a marginal reaction emerging as a band of low signal intensity on T1-
weighted images and a band of high signal intensity on T2-weighted images. Stage 2 is defined
by radiographic appearance of demarcated regions of sclerosis and lucency. Blood vessels
enter the necrotic zone as part of a repair process of bone resorption and formation, while
toward the margin of the reactive interface, dead cancellous bone is invested by fibrous and
lamellar tissues. In stage 3, resorption of bone causes fractures within the subchondral bone,
with resulting segmental fractures identified on the radiographs by the ‘crescent sign.’ Stage
3 is subdivided into stage 3A, collapse of the femoral head <3 mm, and stage 3B, collapse of
the femoral head ≥3 mm. In stage 4, osteoarthritic joint space narrowing, with osteophyte
formation, is identified. According to Steinberg’s classification, after stage 5, osteoarthritic
changes are advanced.
The radiographic classification of the Specific Disease Investigation Committee (SDIC), under
the auspices of the Japanese Ministry of Health, Labour and Welfare, defines the progression
of FHN based on the extent of involvement of the weight-bearing surface of the femoral head
(Figure 1) [9]. Plane, anterior–posterior radiographs are used to evaluate the necrotic area, and
Advanced Techniques in Bone Regeneration92
the three types of lesions are defined as follows. The type A lesion occupies the medial one-
third or less of the weight-bearing surface of the femoral head, while the type B lesion occupies
the medial two-thirds or less of the weight-bearing surface. The type C lesion occupies more
than two-thirds of the weight-bearing surface and is subdivided into C1 and C2 types: the C2
lesion extends laterally to the edge of the acetabulum, whereas the C1 lesion does not. Mont
et al. [5] reported a risk for progression to collapse of 9% for type A lesions, 19% for type B
lesions, and 59% for type C lesions. Nishii et al. [10] calculated an odds ratio (OR) for the
incidence of collapse of the femoral head with type C lesions of 10.8 (95% confidence interval,
2.4–48.0), and an OR for progressive collapse of 26.0 (95% confidence interval, 1.9–358.5).
Ficat Steinberg ARCO
Stage 1 Normal radiographs Normal radiographs;
abnormal bone scan and MRI
Normal radiographs; however,
specific findings are
observed on MRI,
bone scintigraphy, or histology
Stage 2 Subchondral cyst
formation and sclerosis
“Cystic” and sclerotic
changes in femoral head
Demarcating sclerosis without
collapse of the femoral head
Stage 3 Femoral head
flattening, subchondral
collapse, “crescent sign”
Subchondral collapse without
femoral head flattening
Femoral head collapse,
“crescent sign,”
no joint space narrowing
3A Collapse <3 mm
3B Collapse >3 mm
Stage 4 Osteoarthritic joint
space narrowing,
degenerative changes
Subchondral collapse,
femoral head flattening,
normal joint space
Osteoarthritic degenerative
changes
Stage 5 Flattening, with joint
space narrowing,
acetabular changes, or both
Stage 6 Advanced degenerative changes,
secondary osteoarthritis
Notes: ARCO, Association Research Circulation Osseous; MRI, magnetic resonance imaging.
Table 1. Clinical staging of osteonecrosis.
Figure 1 Radiographic classification of the Specific Disease Investigation Committee, under the auspices of the Japa‐
nese Ministry of Health, Labour and Welfare.
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3. The treatment of FHN without cell-based therapy
Nonoperative treatment, which aims to offload forces exerted on the femoral head through
limited weight bearing, activity modification, and physical therapy, has been shown to have
limited success in preventing disease progression [2].
In the early stage of FHN (i.e., ARCO stage 1), intramedullary pressure is elevated and core
decompression surgery is performed by drilling through the necrotic region, with a 6 or 8 mm
short trephine drill, to reduce the pressure [7]. Core decompression treatment is more effective
than conservative treatment [11], with clinically satisfactory results of core decompression
obtained in 63.5% of cases of early FHN, compared to 22.7% with conservative treatment [12].
The clinical benefits of core decompression, however, have been questioned [13, 14]. Foremost,
core decompression is not indicated for advanced stages of FHN. Mont et al. [15] reported
satisfactory outcomes of core decompression of only 29% in patients with Steinberg stage 3
FHN, with 41% of patients in stage 3 and 92% in stage 4 requiring arthroplasty. In advanced
stages of FHN, bone fragility is a more important consideration than elevated intrafemoral
pressure.
Multiple microfractures of the subchondral bone are often present in advanced stages of FHN
[16] and, therefore, reinforcing initial bone strength to prevent collapse of the femoral head is
an important component of treatment at this stage. Vascularized bone grafts can offer reflux
of blood flow and initial strength. Vascularized bone grafting is indicated for advanced stages
of FHN [2, 17–19]. However, a radiographic study of outcomes after vascularized bone grafting
by Ishizaka et al. [17] indicated continued progression of collapse in 50% of cases classified as
Ficat stage 2 hips, and in 46% of cases classified as Ficat stage 3 hips. Therefore, vascularized
bone grafting is not sufficient to prevent the collapse in cases of advanced FHN.
Figure 2 Cell-based therapy for osteonecrosis of the femoral head, combining concentrated bone marrow transplanta‐
tion with core decompression is shown in the left panel. The right panel shows cultured mesenchymal stromal cell
transplantation, combined with biomaterials, after removal of necrotic bone.
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4. Concentrated bone marrow transplantation for the treatment of FHN
Core decompression offers not only a decrease in intramedullary pressure, but also a flow of
living cells from regions surrounding the necrotic lesion. However, as FHN is not an isolated
lesion of the femoral head, but rather involves the greater trochanteric area, the number of
osteogenic cells throughout the trochanteric area is reduced [20, 21]. Hernigou et al. [22] and
Gangji et al. [23] combined transplantation of concentrated autologous bone marrow from the
iliac crest with core decompression with the aim of supplying osteoblastic cells. Gangji et al.
[23] reported collapse of the femoral head to be significantly delayed with the use of concen‐
trated bone marrow transplantation, compared with sole core decompression, when per‐
formed in the early stage of FHN (i.e., ARCO stage 1 or 2), with a collapse rate of 63% for the
sole core decompression group, compared to 10% for the concentrated bone marrow trans‐
plantation group. Since the initial work of Hernigou et al. [22] and Gangji et al. [23], a number
of studies have reported their outcomes of using concentrated autologous bone marrow
transplantation in combination with core decompression [24–28], with relevant information
from these studies reported in Figure 2 and Table 2. Although clinically acceptable results for
the combination of cell transplantation and core decompression were reported for patients
classified in the early stages of FHN progression [23, 24], for patients with advanced stages of
FHN, this combined treatment is not sufficient to prevent collapse of the femoral head [23–
28]. The association between clinical stage of FHN and outcomes of the combined treatment
was reported by Hernigou et al. [22], with 77% prevention of collapse for patients in stage 1
and 74% in stage 2, compared to 0% in stage 3 and 50% in stage 4. Therefore, additional
treatment may be needed to enhance the positive effects of bone marrow transplantation.
Martin et al. [29] used a combination of platelet rich plasma and bone marrow cells for
transplantation after core decompression, with significant pain relief achieved in 86% of their
cases, and with 79% of cases not progressing to collapse. Kang et al. [30] used a cancellous bone
graft in combination with bone marrow transplantation after core decompression for both
early and advanced stages of FHN, obtaining clinically successful outcomes in 80% of cases in
stage 1, 65.7% in stage 2, 38.9% in stage 3, and 33.3% in stage 4.
Based on this evidence, it seems reasonable to suggest that for patients with the advanced stage
of FHN (i.e., ARCO stage 3 or 4), providing initial strength to the femoral head is required to
prevent further fracture and collapse. Bioactive scaffolding can provide the initial strength
required. Yamasaki et al. [31] used interconnected porous calcium hydroxyapatite, in combi‐
nation with concentrated bone marrow transplantation for patients with stages 1 and 2 FHN
and advanced stage 3A. They reported no progression of the collapse in 56.7% of their case
series, mild collapse of <2 mm in 33.3% and >2 mm of collapse in 10%. Liu et al. [32] used porous
hydroxyapatite, with and without bone marrow transplantation, to treat patients in the
precollapse stage of FHN progression (i.e., stage 2). They reported that 78.6% of their cases
treated with the combination of porous hydroxyapatite and bone marrow transplantation did
not progress to collapse, compared to 41.7% for patients treated only with bone marrow
transplantation. A histological study by Arlot et al. [33], however, reported osteomalacia and
osteoporosis to persist despite clinical improvement after treatment for FHN. Therefore,
remodeling of the necrotic bone is difficult to achieve [34, 35]. To address this issue, Wang et
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al. [36] performed curettage of the necrotic bone, instead of core decompression, packing the
free bone graft with concentrated bone marrow cells. Progression to collapse was prevented
in 75% of their patients in stage 2 and 100% in stage 3.
Cell source Combined surgical
technique
Radiographic stages (ARCO)
Stage 1 Stage 2 Stage 3 Stage 4
3A 3B
Bone marrow
cells
Core decompression Gangji V (2004)
Wang BL (2010)
Chotivichit A (2012)
Mao Q (2013)
Ma Y (2014)
Tabatabaee RM (2015)
Hernigou P (2002)
Core decompression +
bioderived material
Martin JR (2013)
Kang JS (2013)
Core decompression +
bioactive scaffold
Yamasaki T (2010)
Liu Y (2013)
Curretage + bone graft Wang T (2014)
MSCs Core decompression Zhao D (2012)
Rastogi S (2013)
Persiani P (2015)
Curretage + bone graft +
bioactive scaffold
Aoyama T (2014)
Kawate K (2006)
MSC, mesenchymal stem cell.
Table 2. Cell therapy according to the grade of osteonecrosis of the femoral head.
5. Mesenchymal stromal cell transplantation for the treatment of FHN
Reports of poor results using concentrated bone marrow transplantation combined with core
decompression may reflect the low population of osteogenic cells in bone marrow of patients
with FHN. Hernigou et al. [22] reported the osteogenic cell number to be low in patients with
a history of steroid and alcohol use, as well as in patients who had undergone organ trans‐
plantation. Mesenchymal stromal cells (MSCs) may provide a solution to the problem of low
osteogenic cell number.
MSCs hold promise for their use in regeneration of tissues of the musculoskeletal system [37].
MSCs are plastic dish-adherent cells that differentiate into osteogenic, chondrogenic, and
adipogenic cell lineages, in vitro [38, 39]. The adherent cells can be easily proliferated, yielding
a large number of cells [38]. The high proliferation nature of these cells in in vitro cultures could
provide an effective compensation for low cell numbers [39]. MSCs can also differentiate into
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vascular endothelial cells [40]. This property to differentiate into vascular tissue would be
useful to treat the avascular component of FHN. MSCs can be isolated from many tissues,
including bone marrow, fat, and synovium [41]. The ideal source for MSC differentiation and
proliferation remains controversial, with isolation of MSCs from bone marrow having been
shown to be stable [42]. The technique to aspirate bone marrow is also well established [43]
and relatively safe.
Zhao et al. [44] conducted a clinical trial on the use of MSCs for the treatment of FHN, with
salient finding summarized in Figure 2 and Table 2. Zhao et al. compared outcomes of
transplanting cultured MSCs and bone marrow cells, in combination with core decompression,
in patients with the early stage of FHN (i.e., ARCO stage 1 or 2). After 60-month follow-up,
4% of hip treated with MSCs progressed to collapse, compared to 23% of cases in the bone
marrow treatment group. Rastogi et al. [45] also conducted a comparison of outcomes for
treatment using cultured MSCs and bone marrow for transplantation in patients with the early
(stages 1 and 2) and advanced (stage 3) stages of FHN. In contrast to Zhao et al., Rastogi et al.
did not identify a significant difference in the rate of collapse between the two treatment
groups, with a rate of collapse of 0% for both groups for stage 1 hips and 18% for stage 2 hips,
and a rate of 20% for stage 3 hips for the MSC group, compared to 25% for the bone marrow
group. Persiani et al. [46] reported that core decompression with MSCs transplantation was
not a sufficient treatment for patients with advanced stages of FHN. Aoyama et al. [47] and
Kawate et al. [48] performed curettage of the necrotic bone and packed beta-tricalcium
phosphate with MSCs and a vascularized bone graft to treat patients with advanced stages of
FHN. Aoyama et al. reported no progression to collapse for hips in stage 3A, while 50% of the
hips in stage 3B progressed to collapse. In their 12-week follow-up, Kawate et al. did not report
any progression to collapse of hips in stage 3 or 4 FHN.
6. The cell type used for the treatment of FHN
It is clear that transplantation of cells that can be differentiated to osteogenic cells is effective
for the treatment of FHN. Preparation of concentrated bone marrow cells is easy, of low risk
and of low cost. However, when the necrotic lesion is broad, preparation of a large number of
cells is needed [49]. The condition of the host tissue influences the number and quality of
osteogenic cells harvested [49]. Therefore, it is a great benefit that MSCs can be differentiated
into both osteogenic and vascular endothelial cells [40]. The cytokine and paracrine effect of
MSCs is important in yielding a large number of differentiated MSC cell lineages in vitro [50,
51]. However, the differentiation property of MSCs is highly influenced by the conditions of
the host, such as age, disease, medication, etc. [52]. Peripheral CD34-positive MSCs may be
another source for the treatment of FHN. They have the potential to differentiate into osteo‐
genic and vascular endothelial cells and are easily prepared by in vivo induction of granulocyte
colony-stimulating factors [53]. Despite the different possible sources of MSCs, remodeling of
the osteonecrotic bone is an issue that remains to be solved. In healthy bone tissue, the balance
between bone formation and bone resorption is under precise regulation [54]. In contrast, in
pathological conditions, such as osteoporosis, prolonged fracture repair, and osteonecrosis,
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there is a dysregulation of the balance between osteoclast and osteoblast activity [35, 54]. In
FHN, both living osteoclast and osteoblast cells are reduced in number. Therefore, pathogenic
tissue, such as necrotic bone, should be removed as a component of treatment to facilitate bone
remodeling. MSCs have the ability not only to differentiate into osteogenic cells, but they can
also stimulate the osteoclastogenesis [55–57]. Therefore, the cytokine effect of MSCs induces a
healthy remodeling regulation.
7. Biomaterials
Implantation of biomaterial is useful to provide initial strength to avoid collapse of the femoral
head. Recent development of biomaterials aims to implement osteoinduction and osteocon‐
duction ability in biomaterials themselves [58, 59]. Tantalum rods have high volumetric
porosity, providing excellent osteoconductive properties, while their elastic modulus is similar
to that of bone, providing exceptional biocompatibility [60]. In their case series of 50 hips
treated with tantalum rods, Veillette et al. [61] reported a conversion rate to total hip arthro‐
plasty in only 15.5% of their cases. Miao et al. [62] compared tantalum rod implantation to core
decompression in patients with the early stage FHN (i.e., Steinberg stage 1 or 2) hips. After
treatment, clinical score on radiographic assessment was improved in both the treatment
groups. Pakos et al. [63] used tantalum rods with bone marrow and autologous bone grafting
to treat patients with Steinberg stage 2 or stage 3 FHN. Five years after treatment, only 3% of
hips in stage 2 and 15% in stage 3 were converted to total hip replacement.
Other biodegradable materials have also been used. Nano-hydroxyapatite/polyamide (n-HA/
PA) 66 rods were used for the treatment of FHN [61, 64]. In their case series of 84 FHN cases,
Yang et al. [64] allocated patients to two treatment groups, the first combining core decom‐
pression in combination with insertion of a n-HA/PA 66 rod and the second combining core
decompression with an autologous cancellous bone graft. In the n-HA/PA 66 rod group, 21.1%
of hips progressed to collapse of the femoral head, compared to 45.7% in the bone grafting
group. A distinct advantage of biomaterials is their ability to change their form to easily fill
cavities of different shapes. The clinical benefits of different biomaterials in the treatment of
hips with FHN have been reported: Yamasaki et al. [31] used rod type porous hydroxyapatite;
Liu et al. [32] used composite filler; and Aoyama et al. [47] and Kawate et al. [48] used porous
beta-tricalcium phosphate granules in combination with cultured MSCs. Although there is
evidence of satisfactory clinical outcomes using biomaterials, when these materials are used
in combination with cell transplantation, the balance between the timing of degradation and
osteogenesis is an important factor influencing outcome. Specifically, the activity of osteoclasts
has been shown to be influenced by the type of biomaterial [65]. In the presence of biomaterials
that facilitate early resorption of bone, compared to bone formation, the biomaterial does not
have sufficient strength to protect against collapse. Therefore, the combination between
biomaterial and cell type needs to be carefully examined.
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8. Growth factors
Growth factors, such as transforming growth factor-β1, platelet-derived growth factor,
vascular endothelial growth factors, fibroblast growth factor-2 (FGF-2), and bone morphoge‐
netic protein (BMP) treatment, aim to promote revascularization and bone formation in hips
with FHN [66]. Samara et al. [67] reported a lower expression of BMP-2 and BMP-6 in the
femoral head of patients with FHN, compared to healthy controls. Therefore, supplying the
lacking growth factor may be a reasonable adjunct treatment option. Lieberman et al. [68] used
BMP-2 replacement in combination with allogenic fibula transplantation, reporting a radio‐
graphic progression of FHN in 17.6% of hips in Ficat stages 2 and 3. Sun et al. [69] compared
the outcomes of recombinant BMP-2 treatment in combination with artificial bone implanta‐
tion to implantation of artificial bone alone. The radiographic survival rate of the femoral head
for hips in the BMP-2 treatment group was 100.0% for ARCO stage 2b hips, 84.2% for ARCO
stage 2C hips, and 30.0% for ARCO stage 3 hips. By comparison, in the control group treated
by implantation alone, the survival rate was 100.0% for ARCO stage 2b, 76.5% for ARCO stage
2C, and 37.5% for ARCO stage 3. Sun et al. concluded that BMP-2 was effective for selected
patients. Papanagiotou et al. [70] used BMP-7 in combination with autologous, nonvascular‐
ized fibular grafting for hips in Steinberg stage 2 or stage 3. Over a 4-year follow-up, 29% of
hips progressed to collapse and required total hip replacement. Papanagiotou et al. did report
that BMP-7 in combination with autologous, nonvascularized, fibular grafting, is effective for
shortening operative time and the postoperative rehabilitation period. Kuroda et al. [71] used
recombinant FGF-2 impregnated with gelatin hydrogel for minimally invasive surgical
treatment of patients in early stages of FHN. In their case series, 10% of hips progressed to
collapse 1-year posttreatment, with improvement in radiographic clinical score in all other
cases. Results of these preliminary studies provide evidence of the safety and feasibility of
treatment using growth factors. Abe et al. [72] also reported elevation in levels of interleukin-6
and tumor necrosis factor-α in the joint fluid of hip in advanced stages of FHN. Therefore,
modulation of cytokine activity, in combination with growth factors, may be an effective
treatment strategy. Therefore, although there is currently no clinical report combining cell-
based therapy and growth factor treatment, this combination holds promise for treatment of
FHN and should be evaluated in future studies.
9. Conclusion
For an effective treatment of FHN, an osteogenic cell supply, revascularization, and providing
initial strength to resist collapse are needed. The combination of cell-based therapy, growth
factor, and biomaterial may effectively meet these requirements [73]. The development of new
procedures is required, with treatment being according to the pathology and clinical status
being extremely important considerations.
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